In the budding yeast Saccharomyces cerevisiae cyclic AMP (CAMP) can influence the activity of key enzymes in carbohydrate metabolism through modulation of the activity of CAMP-dependent protein kinase. One of the components involved in cAMP production is the CDC25 gene product, which can activate the RAS/adenylate cyclase pathway by promoting the exchange of guanine nucleotides bound to RAS. In two yeast strains carrying different thermosensitive alleles of the CDC25 gene, cAMP levels respond differently to an increase in growth temperature from 23 "C (permissive) to 36 "C (restrictive). In strain OL86 (cdc25-5) the estimated intracellular concentration of cAMP dropped after transfer to restrictive temperature whereas in strain ts321 (cdc25-I) the CAMP level rose under the same conditions. Despite the differences in cAMP levels the glycolytic flux in the two mutants responded in a very similar way to the shift from permissive to restrictive temperature; after the increase in the incubation temperature, the specific glycolytic flux in both cdc25-1 and cdc25-5 initially increased from about 300 nmol min-' (mg protein)-' to about 500 nmol min-' (mg protein)-' (presumably mainly as a consequence of the increase in temperature), but then gradually fell to 100-200 nmol min-' (rng protein)-'. A similar pattern of CO, production to that found in the two cdc25 mutants was also observed for several other thermosensitive mutants displaying a Start-I1 type of GI arrest. In contrast, in a wild-type strain and in strains giving a Start-I type of G l arrest, CO, production did not drop after a temperature shift. The specific activities of glycolytic enzymes in the two cdc25 mutants did not show much change after the temperature shift, indicating that the decrease in glycolytic flux was not caused by a decrease in the activity of any of the glycolytic enzymes. Our data show that, at least in long-term regulation, the cAMP levels per se are not likely to be a prime factor controlling glycolytic flux.
Introduction
Adenosine 3',5'-phosphate (cyclic AMP, CAMP) is an important and ubiquitous regulatory molecule. In yeast it is involved in the regulation of several cellular processes, e.g. the induction of gene transcription *Author for correspondence. Tel. 020 5255125; fax 020 5255124.
6-phosphate and ATP. Fructose 2,6-bisphosphate in its turn is a potent stimulator of PFKl (Clifton & Fraenkel, 1983; Nissler et a/., 1983) and it also inhibits FBPase. FBPase itself is also phosphorylated and inactivated by CAMP-dependent protein kinase, a reaction which is greatly accelerated by fructose 2,B-bisphosphate. FBPase can also be inactivated by proteolytic breakdown in the vacuole (Chiang & Schekman, 1991) . The net result of all this would be that high cAMP levels stimulate PFK1 and inactivate FBPase. Although it has been shown in vitro that cAMP and fructose 2,6-bisphosphate can thus influence the activity of some key enzymes in carbohydrate metabolism, the importance of these mechanisms in vivo in controlling glycolytic and gluconeogenic fluxes remains to be established.
The CDC25 gene product in Saccharornyces cerevisiae is required for the initiation of cell division at a point or region in the cell cycle called Start (Hartwell, 1974) . If the gene product in thermosensitive cdc25 mutants is inactivated by switching mutant cells to the restrictive temperature, growth does not continue as rapidly as before the shift and the cells arrest in G1 prior to the point of arrest caused by cs-mating factor. Based on the retardation of growth, and because the cells arrest in a stage where they are not competent for mating, Reed (1980) classified cdc2.5 as a Start-11 mutant. The CDC2.5 gene has been cloned and sequenced (Camonis et a/., 1486; Broek et a/., 1987). The CDC25 gene product is a 180 kDa polypeptide which is strongly associated with the membrane-particulate fraction (Garreau et al., 1990 ; Vanoni et a/., 1990) . At least one of its functions is to activate the RAS/adenylate cyclase pathway by promoting the exchange of guanine nucleotides bound to RAS (Camonis et al., 1986; Broek et al., 1987; Jones et a!., 1991) . In this function the gene product is also involved in the generation of a glucose-induced cAMP signal (Munder & Kiintzel, 1989; Van Aelst et al., 1990) . Recently Van Aelst et al. (1991) compared two thermosensitive cdc2.5 alleles in their ability to influence the glucose-induced cAMP signal. Among other interesting findings, they found that a shift to restrictive temperature in the OL86 strain (carrying the ts-cdc25-5 allele) caused a drop in cAMP levels, whereas in ts321 cells (carrying the ts-cdc25-l allele) the cAMP levels increased. This finding opened the possibility to modulate cAMP levels within the physiological range between 0.1 and 2 p~ by changing growth temperature.
In this paper we used this means of modulating cAMP levels to study the correlation between CAMP concentration and in vivo glycolytic flux. After a switch to restrictive temperature, the specific CO, production in both cdc25-I-and cdc25-5-carrying cells initially increased (presumably mainly, if not exclusively, as a consequence of the increase in temperature), but then gradually fell. Since cAMP levels were shown to respond quite differently in the cdc25-I and cdc2.5-5 mutants (Van Aelst et al., 1991) , this similarity in CO, production response suggests that the cAMP level per se is not the prime factor controlling glycolytic flux. The specific activities of glycolytic enzymes in the two mutants did not show major changes upon the temperature shift, indicating that the decrease in glycolytic flux was not caused by a decrease in the activity of one of the glycolytic enzymes. The decrease in glycolytic activity at restrictive temperature was shown to be a common feature of many class-I1 Start cell cycle arrest mutants.
Methods
Yeasf strains and growth condirlons. The haploid strains A364A (MATLI udel ndr2 urul his7 lys2 tyrl gall), ts321 (MATu cdc25-I adel a d d ural his7 lys2 ~y r l gall) and OL86 ( M A Tu cdc25-5 ade2 leu2 trpl)
of Succharomyces cerrvisiue were used. A364A and ts321 were obtained from the Yeast Genetic Stock Center (Berkeley, CA, USA) and OL86 was kindly provided by J. M. Thevelein (Leuven, Belgium).
The medium contained 6.7 g Yeast Nitrogen Base I-' (Difco), 20 g glucose I-', 1 g yeast extract 1-' (Difco) and 50 mg I-' appropriate supplements. The medium was buffered at pH 5.0 with 100m~-potassium phthalate.
Cells were grown aerobically in batch cultures at 23 "C (permissive temperature) in a gyratory waterbath for at least 10 generations to an OD,,, of 04-0.6. For temperature-shift experiments a portion of the culture was transferred to a gyratory waterbath kept at the restrictive temperature of 34 "C.
Cell growth was monitored by measurement of the OD,,. Cell number, volume distribution and cell volume were determined with a Coulter Counter equipped with a 70 pm orifice and a multichannel analyser as described previously (Van Daorn ef al., 1988). The percentage of budded cells was determined by microscopic counting of at least 100 formalin-fixed cells after mild sonication.
Determination of C A M P . For cAMP determinations, samples (containing approximately 5 mg dry wt) were filtered on cellulose acetate filters (25 rnm diam., 1.2 pm pore-size, Schleicher & Schuell), and immediately immersed in liquid nitrogen, The filters were stored in 1.5 ml Eppendorf tubes at -80 "C until extraction for cAMP measurement.
For extraction, 500 jd 2 M-perchlorjc acid and 0.5 g glass beads were added. The filters were shaken for I h on an Ika Vibrax VXR (Janke & Kunkel) in an incubation chamber at -10 "C. After a short spin in a microcentrifuge, 300 gl perchloric extract supernatant was neutralized with 135 pl 3.5 M-KOH+ 1.5 M-KHCO,. The tubes were left open on ice for several minutes to allow all the CO, to escape. SubsequentIy they were centrifuged for 5 min at 10000 r.p.m. to remove potassium perchlorate. A portion of supernatant (300 p1) was lyophilized in a Speedvac vacuum concentrator (Savant Instruments). The residue was dissolved in 60 pcl 15 mwpotassium phosphate buffer. pH 7. cAMP concentrations in these extracts were determined according to Tovey er al. (1474) . This CAMP test is based on the competition of cAMP with [3H]cAMP for the regulatory subunit of bovine CAMP-dependent protein kinase.
Cellular concentrations of cAMP were calculated assuming that 1 g of cell material (dry wt) corresponds to 1-88 ml cytoplasmic volume.
Determination of fructose 2,6-bisphosphate. Samples (containing about 5 mg total cellular protein) were filtered on cellulose acetate filters (25 mm diam,, 1.2 prn pore-size, Schleicher & Schuell) and quickly immersed in 3 ml methanol kept at -40 "C. The cells were resuspended and the filters removed. After addition of 5ml cold (-40 "C) chloroform, the cells were stored at -80 "C until extraction.
Cells were extracted with 2 x 2 ml MOPS buffer (4 mM, pH 7) at -35 "C by vigorous shaking for one hour as described by De Koning & Van Dam (1992) . The extracts were Concentrated by means of a Speedvac vacuum concentrator to a final volume of about SO0 p1.
Fructose 2,6-bisphosphate concentrations were determined spectrophotometrically by means of the kinetic assay described by Van Schaftingen & Hers (1983) . This assay is based on the ability of fructose 2,6-bisphosphate to stimulate pyrophosphate-dependent phosphofructokinase. The degree of stimulation was measured with a Cobas Bio automatic analyser (Roche) and fructose 2,6-bisphosphate concentrations Rere calculated from a calibration curve in the range 12-200 nM. When necessary, extracts were diluted to bring the concentration into this range.
Defermindon ofglycofyfic flux. CO, production in the cultures was measured in Warburg manometers using the direct method (Umbreit et id., 1964) as described by Novak & Mitcliison (1986) . Manometer flasks (volume 15 ml) were filled with 3 mi culture and gas production was read every 15 min. After each reading, the manometers were opened, adjusted to zero and closed again. Specific CO, production rates were expressed in prnol min-' (mg total cellular protein)-'. The cellular protein content was calculated from the optical density of the cultures. We determined for cells of the wild-type strain that an OD,,, of I0 corresponds to I mg total cellular protein ml-I. For the calculation of cellular protein content in all other strains we assumed the same relation between OD,, and cellular protein.
The direct Warburg method ignores O2 consumption by the cells. The respiratory quotient (RQ) was determined to be as high as 14, which agrees with the values reported by Beck & Von Meyenburg (1968) . This high RQ. combined with the effect that, under complete oxidative conversion of glucose, CO, production and O2 consumption take place in equirnolar amounts, implies that direct manometry in our cultures closely reflects the glycolytic flux.
For alcohol and glycerol determinations, 100 pl samples from the cultures were added to 1 ml 5 % (w/v) trichloroacetic acid. After spinning down the cells, alcohoI and glycerol concentrations in the supernatants were determined spectrophotometricaily on a Cobas Bio automatic analyser (Roche). Alcohol was measured according to Bernt & Gutmann (1 974), using a commercially available gtycine buffer with trapping agent (Sigma), and glycerol was measured by the protocol of Wieland { 1974).
Strictly speaking the glycoiytic pathway onty comprises the reactions catalysed from hexokinase to pyruvate kinase, leading to the formation of pyruvate. Since most of the pyruvate is subsequently converted to CO, and ethanol, we take the production of CO, and ethanol to be synonymous to glycolytic flux unless indicated otherwise.
Preparu~iort qf cell-jiec exlrtlc~s and enzymr assq~s. The preparation of cell extracts by glass bead disruption was as described by De Koning ef al. (1 99 1 ). Enzyme activities were determined spectraphotometrically at 340 nm and 30 "C, All enzyme assays were performed in 50 mM-PIPES buffer at pH 7.0. The assay mixtures for the enzyme assays also contained the following:
Hcxokina.w ( H K ) : 0.2 mM-NADPt, 1 mM-ATP, 10 mwMgSO,, 0.56 U glucose-6-phosphate dehydrogenase (G6PDH) ml-', 1.1 U glucose-6-phosphate isomerase (PGI) I&', 10 mM-fructose.
Glurosc-6-phosphate isomerase (PGI) : 0.2 rnM-NADP+, 10 mMMgSO,, 0.56 U G6PDH ml-', 2 mwfructose 6-phosphate.
P~in.~~phnli.urrokina,~e (PFK) : 0.1 5 mM-NADH. 0-6 mM-ATP, 1 mu-AMP, 20 pwfructose 2,4-bisphosphate, 5 ~M-(NH,)~SO,, 5 mMMgSO,, 1.5 U aldolase ml-', 10 U triose-phosphate isomerase ml-i, 0.8 U glycerol-3-phosphate dehydrogenase ml-', 3 mwfructose 6-phosphate.
rriosephosphatp isomcruse ( T P i )
GI~c~raldeh~de-3-yhosphafe dchydrogenase ( G A P D H ) : 0.15 mM-NADH, 1 mM-ATP, 5 mwMgSO,. 0.9 mM-EDTA, 0.2 mM-DTT, 13.5 U PGK ml-l, 3 m~-?-phosphoglycerate (3-PGA).
3-Plzosphoglycerarc kinase ( P G K ) : 0.1 5 mM-NADH. 5 mM-MgSO,, 0.9 mM-EDTA, 1 ~M -A T P , 1.6 U GAPDH ml-', 3 mM-3-PGA. Phosphogljcevate rnuiuse ( P G M ) : 0.1 5 mM-NADH, 1 mM-ADP, 0.12 m~-glycerate-2,3-diphosphate (2,3-PGA), 5 mM-MgSO,, 0.9 mM-EDTA, 2.8 U lactate dehydrogenase (LDH) ml-'. 1-4 U pyruvate kinase (PK) ml-', 1-4 U enolase (ENO) ml-', 3 ~M -~-P G A .
Enduse (ENO) : 0.1 5 mM-NADH, 1 mM-ADP, 5 ~M -M~S O , , 0.9-mM-EDTA, 2.8 U LDH mi-', 1.4 U PK rnl-', 1 rnw2-PGA. Pyruvafe kinasp ( P K ) : 0-1 5 mM-NADH, 5 mM-phosphoenolpyruvate (PEP), 100 mM-KCI, 30 mM-MgSO,, I mM-fructose l,fj-bisphosphate, 1.4 U LDH ml I , 2 mM-ADP.
Pyruvate
Fructose 1,6-bisphosphatasc (FBPnse) : 0.2 mM-NADP', 10 mMMgSO,, 0.1 mM-EDTA, 0.5 U PGI ml-', 0.56 U G6PDH ml-', 0.35 mwfructose 1.6-bisphosphate.
Reactions were started by the additlon of substrate. All assays were tested for linearity with the quantity of extract. Analyses were performed on a Cobas Bio automatic analyser (Roche). Enzyme activities are expressed in U (mg protein)-' in the extract, where 1 U is equivalent to the conversion of 1 pmol of substrate min-'.
Protein was determined by means of the bicinchoninic acid reagent as described by the supplier (Sigma), using bovine serum albumin as a standard.
Results

c A M P and fructosp 2,6-bisphosphate Ievels do not correlate with glycoly iic flux
When exponentially growing S. cerevisiur ts32 1 or OL86 cells were transferred from 23 "C to 36 "C, cell division stopped and cells arrested as large unbudded G1-phase cells. When the same temperature shift was applied to the wild-type strain, A364A, growth rate and cell division rates were increased about twofold for the duration of the experiment (data not shown). The total cellular concentration of cAMP was determined in ts32 1, OL86 and A364A after a switch from 23 "C tu 36 "C. In the cdc25-5 mutant, a sudden drop in the estimated intracellular cAMP level from 0.6 p~ at permissive temperature to 0-15 p .~ after 15 min at restrictive ternperature was observed. Prolonged incubation at 36 "C resulted in a gradual recovery of the cAMP level to about 0-4 p~. In the cdc25-I mutant, the cAMP level responded to the shift in temperature in a dramatically different way. Here the cAMP level rose from Oq5 ~L M at 23 "C to 1-8 ~L M after 15 min at 36 "C. When the cells were kept at restrictive temperature for several hours. the cAMP concentration fell to about 1 JLM. These data are in good agreement with observations described earlier by Van and (c) A364A (wild-type). Gas production rates were determined by direct Warburg manometric measurements.
Aelst ct al. (1991) . The pattern of an increase followed by a gradual fall in the CAMP content in response to the temperature shift was also observed in wild-type cells (data not shown). Fructose 2,6-bisphosphate concentrations in the two cdc25 strains were about 5 ~L M at permissive temperature. When shifted to restrictive temperature for 5 h, the fructose 2,6-bisphosphate level in the cdc2.5-5 mutant cells dropped to about 1 p~, whereas the level in cdc25-I carrying cells was not affected.
Glycolytic flux was followed by determining the specific fermentative CO, production (production per amount of biomass) and the alcohol and glycerol concentrations in the culture. Immediately after the temperature shift, an increase in the CO, production rate was observed in all strains tested (Fig. 1) . This increase is due primarily, if not exclusively, to the increase in incubation temperature. It should be noted that the genetic background of the OL86 strain is different from that of the ts321 and A364A strains. The stronger (immediate) effect of the temperature shift in cdc25-5 compared to cdc25-1 and wild-type cells may therefore be due to differences in genetic background. Because of the genetic lineage of the OL86 strain it was not possible to compare the CO, production pattern of the OLS6 strain directly with a wild-type strain of the same genetic background. Following the initial rise, the specific CO, production in the cdc25-l and the cdc25-5 mutants gradually fell. After 6 h at restrictive temperature, the production had reached a level that was about half that of the culture kept at permissive temperature. This pattern of CO, production was similar for both cdc2.5 alleles tested although in the cdc2.5-5 cultures the drop appeared to be somewhat steeper than in cdc2.5-1 cultures. In the wild-type cultures, however, the specific GO, production rate at 36 "C increased further after the initial increase at the time of temperature shift. Constancy of the specific gas production rates in all cultures at 23 "C indicated balanced, exponential growth.
Alcohol concentrations in all cultures were consistent with the observed CO, production data. Corresponding to the initial increase in CO, production when cells were shifted from the permissive to the restrictive temperature, the alcohol concentration increased faster at 36 "C than at 23 "C. After several hours at 36 "C the alcohol production rate in cdc25-I and cdc.25-5 decreased and the alcohol concentration in the 36 "C cultures fell below the concentration of the culture kept at 23 "C ( Fig. 2 4 b) . In contrast, the ethanol concentration in wild-type cultures continued to increase faster at the higher temperature (Fig. 2c) . In all experiments ethanol production rates, as deduced from the concentration data, and CO, production rates were about the same (data not shown). As shown in Fig. 2 (d, e, f) glycerol production in the cdc25-5 and cdc25-l cultures at 36 "C was significantly lower than in wild-type cultures.
Class-I1 Start cell cycle arrest is accampanied by a drop in glycolytic flux
To investigate whether the decrease in glycolytic flux in cdc25-1 and cdc2.5-5 was correlated with cell cycle arrest, CO, production was measured in several thermosensitive cdc mutants, and in cells treated with a-mating pheromone (Table 1 ). The patterns of CO, production after imposing the restrictive conditions could be divided into two groups. In the first group, the glycolytic Aux after 5 h under restrictive conditions was somewhat higher than after 30min under restrictive conditions. Two cases of Class-I Start arrest (cdcZ8 and a-factor treated cells, Reed, 1980) (arresting as uninucleate, multiple-budded cells) the glycolytic flux increased dightly after prolonged incubation under restrictive conditions. In the second group, a significant decrease in glycolytic flux was observed under restrictive conditions. AIL the strains displaying a Class-I1 type of Start arrest (Reed, Fig. 3 . Glycolytic enzyme activities. Specific activities of hexokinase (HX, a-c>, phosphofructokinase-1 (PFK, &f), pyruvate kinase (PK, g-i) and pyruvate decarboxylase (PDC, j-L). Cells of ts321 (cdc25-I), or A344A (wild-type) were kept at permissive temperature (e) or switched to restrictive temperature at I = 0 (0). 1980) were found in this group. After a temperature shift, mutants affected in either adenylate cyclase (cdc35, Boutelet et al., 1985) or RAS jrrzsi-rs.ras2) were found to give a similar pattern of CO, production to the cdc25 mutants. The decrease in glycolytic flux thus seemed to be a general feature of mutants affected in the RAS/ adenylate cyclase pathway. The cdc33 mutant, affected in the protein synthesis ini tiatiun factor eiF-4E (Brenner et al., 19881, was found to give a similar pattern of CO, production to the mutants affected in the RAS/adenylate cyclase pathway. In the pyruvate kinase mutant cdcI9-l (Gillies & Benoit, 1983) , glycolytic flux was found to decrease dramatically: after 5 h at 36 "C, no net gas production could be detected by direct Warburg manometric techniques. Differences in glycolytic flux under permissive conditions correlated with differences in growth rate for the various strains (data not shown). In some cases different genetic backgrounds may also play a role. It should be noted that for a-factor treated cells, the cultivation temperature was 29 "C: whereas for the thermosensitive strains a permissive temperature of 23 O C , was used. This presumably explains the relatively high glycolytic activity in the a-factor treated cells.
Enzyme activities in cdc25 and wild-type c d s
Since CAMP and fructose 2,&bisphosphate were reported to affect, amongst others, the activities of PFKl and FBPase in citro, we measured the activities of these enzymes in cde2.5 mutants and wild-type cells switched from 23 "C to 36 "C. The activities of PFKl were found to be constant at both temperatures in all three strains tested (Fig. 3d, e , f > . The same shift from 23 "C to 36 "C resulted in a 3-6-fold increase in activity of FBPase in wild-type or cdc2.5 mutants (Fig. 4) . In wild-type cell extracts this increase was transient and the FBPase activity returned to the original level of about 1 rnU (mgprotein)-l within 2 h, It should be noted that, compared to the activities of glycolytic enzymes [which were in the order of U (mgprotein)-'], the specific activity of FBPase remained very low [in the order of m u (mg protein)-'].
As a further approach to elucidate the molecular basis of the observed changes in wild-type and cdc25 mutants, the specific activities of most of the glycolytic enzymes were measured after a switch from 23 "C to 36 "C. The specific activity of most of the glycolytic enzymes was unaffected by the change in growth temperature. In Fig.  3 only data of those glycolytic enzymes whose activity seemed to be somewhat altered by the change in growth temperature are given. We measured virtually constant specific activities at 23 "C and 36 "C in all three strains for PCI [average activity about 3. None of the glycolytic enzymes of cdc25 mutants showed a decrease which correlated with the observed decrease in in a i m glycolytic flux. Also, none of the glycolytic enzymes in the wildtype cells showed an increase in specific activity which correlated with the observed increase in specific CO, production rate. Hexokinase activities in the cdc25 mutants at 36 "C showed a characteristic transient increase from about 1 U (mg protein)-' to 1-8 U (mg protein)-' (Fig. 3u, b) . Perhaps the onIy other glycolytic enzyme with a significant change in specific activity was PDC, whose activity decreased by about 40 % in both cdc25 strains at restrictive temperature ( Fig. As a control experiment, we tested whether the glycolytic enzymes and FBPase in the mutants responded differently in vitro from wild-type to an increase in temperature. The temperature response for all enzymes from mutant cells was the same as in cell extracts of A364A cells. Moreover, no differences in the response to temperature were observed between cells that were incubated at 36 "C for several hours and cells kept at 23 "C (data not shown). We therefore assumed that the glycolytic enzymes and FBPase in the cde2.5 mutants have a normal temperature response.
3.i k ) .
Discussion cAMP and fructose 2,6-bisphosphate lezlels do not correlate with glycolytic actiuity
Regulation of glycolysis in yeasts and other organisms is complex and can occur at several levels ranging from transcriptional control of gene expression to effector controlled modulation of the activity of glycolytic enzymes. cAMP and fructose 2,6-bisphosphate have been suggested to be among the many factors controlling glycolytic activity in Saccharomyces cerevisiae (Hers al., 1985) . Although the mechanisms by which cAMP stimulates PFKl and inhibits FBPase are fairly well understood, their importance in vivo in controlling glycolytic and gluconeogenic fluxes has not received much attention. In this study we compared two thermosensitive mutants which, when shifted to restrictive temperature showed opposite changes in the CAMP level. In the cdc25-I mutant cAMP levels at restrictive temperature rise and fructose 2,6-bisphosphate levels are unaffected, whereas in cde25-5 cells at restrictive temperature cAMP levels fall, presumably also causing the observed fall in fructose 2,fi-bisphosphate levels. Our cAMP data in ts321 (cdc25-1) and OL86 (rdc25-5) cells confirm observations of Van Aelst et al. (1991) , Martegani et ql. (1984) and Camonis el ad. (1986) . Irrespective of the cAMP and fructose 2,6-bisphosphate levels, the specific glycolytic flux appears to show a similar fall in both mutants. Apparently, our experiments show that the cAMP and fructose 2,6-bisphosphate levels per se are not correlated to the glycolytic activity of the cells.
It could be argued that the fdl in glycolytic flux at restrictive temperature in both mutants is brought about by different mechanisms. In the cdc25-5 mutant the fall might be correlated with the fall in CAMP and fructose 2,B-bisphosphate levels and in cdc25-I other mechanisms might operate to reduce the glycolytic flux. Following this line of thought, one would expect PFK1 activity in the cdc2-5-5 mutant to be reduced through the drop in CAMP and fructose 2,6-bisphosphate and thus glycolytic flux could decrease. We have reason to think that this mechanism to reduce glycolytic activity does not occur: first because we did not observe any change in PFK1 activity when cdc25-5 (or cdc25-1) cells were shifted to restrictive temperature ; and second because we found that after this shift glucose 6-phosphate and fructose 6-phosphate levels do not rise in the cdc25-5 mutant as might be expected if PFK1 activity was lowered (data not shown). In fact, in both cdc25-I and cdc25-5 mutants glucose 4-phosphate levels were found to drop from about 3-5 mM at permissive temperature to 1-2 mM at restrictive temperature. ATP levels were not affected by the change in temperature (data not shown). These observations suggest that in both mutants at restrictive temperature, glycolytic flux is inhibited at the very beginning of the pathway, possibly by a reduction of the amount of glucose transported into the cells. Although other explanations are possible, the observation that glycerol production in the cde25 mutants is much less than in wild-type cells may be interpreted to indicate that the reduction in glycolytic activity takes place before the triose phosphate step of the pathway.
Interestingly, the specific activity of FBPase in both cdc25-I and cdc25-5 rises at the restrictive temperature. cAMP and fructose 2,6-bisphosphate have been implicated in the regulation of this enzyme by modulating its phosphorylation state (Tortora et al., 1981 ; Hers et al., 1985; Rittenhouse et a!., 1987) . Since the two mutants contain different levels of cAMP and fructose 2,6-bisphosphate at the restrictive temperature, but show a similar activation of FBPase activity, these components are not likely to be the key factors in controlling FBPase activity in our experiments. Recently Chiang & Schekman (1991) presented evidence that glucose catabolite inactivation of FBPase activity occurs through regulated protein import from the cytosol into the yeast vacuole, where the enzyme is degraded. In the cdc25 mutants at restrictive temperature, the observed increase in FBPase activity might thus be due to a reduced import of FBPase into the vacuole. This symptom of 'derepression' of the mutants would fit in with other derepression phenomena generally observed at restrictive temperature such as accumulation of trehalose and glycogen (Petitjean et d., 1990) .
Although our data indicate that cAMP and fructose 2,6-bisphosphate levels do not correlate with glycolytic flux or with FBPase activity, it should be stressed that, since our experiments were designed only to look at effects taking place in a time-span of several hours, they leave open the possibility that the cAMP/fructose 2,6-bisphosphate mechanism of affecting FBPase and PFKl activities is important for short-term regulation of glycolytic activity.
GZycolytic enzymes and control o f glycalytic j7ux
Our measurements of the specific activities of glycolytic enzymes indicate that the activities of these enzymes are unlikely to be the prime factor in the control of glycolytic flux in our cells. This conclusion is based on two observations : (1) the decrease in glycolytic activity of the cdc2.5 mutants is not accompanied by a similar decrease in the activity of any of the glycolytic enzymes, and ( 2 ) the gradual increase in specific glycolytic activity in wildtype cells at 36 "C is not accompanied by an increase in any of the enzymes. There are other reports that a change in glycolytic activity is not accompanied by a change in the activities of glycolytic enzymes. Lagunas et a/. ( I 982) observed a decrease in glycolytic activity due to the withdrawal of the nitrogen source. They reported that the activities of glycolytic enzymes did not change during the starvation period, and that the decrease in flux was caused by a fall in glucose transport activity in the cells (Lagunas et a/., 1982) . Also, artificial elevation of the specific activity of several glycolytic enzymes does not affect glycolytic flux. Schaaff et al. (1989) overexpressed eight different glycolytic enzymes by placing their genes on multicopy vectors. Although the specific activity of the enzymes was raised between 3-7-and 14-fold above the wild-type level, the rate of ethanol formation was not affected. The levels of key glycolytic intermediates were also normal when compared to the wild-type strain. It is always difficult to assess the importance of in uitro data for in ciuo phenomena, but all these data seem to indicate that under normal conditions none of the glycolytic enzymes is actually 'rate limiting'. Other factors, such as hexose transport (Lagunas et a[., 1982) , may be of greater importance in the control of glycolytic flux.
Glyodylic acticity and cluss-11 Start arrest
When thermosensitive mutants in the RAS/adenylate cyclase pathway (rasl-ts.ras2, cdc3.5) and other cdc mutants displaying class-11 G 1 arrest (cdcl9, cdc33) are shifted to restrictive temperature, they all show a decrease in glycolytic flux which is similar to the one seen in the cdc2.5 mutants. In contrast, if G1 arrest is induced by shifting other thermosensitive mutants (cdc28 and cdc4) to restrictive temperature or by addition of a-mating factor to a-cells, the specific glycolytic flux does not drop and continues more or less similar to the wild type. The drop in glycolytic activity therefore does not seem to be caused merely by an arrest in the G1-phase but seems to be specific for the class-TI type of cell cycle arrest at Start. The similarities between cdc.25 mutants switched to restrictive temperature and nitrogen starved cells, which also displayed a class-I1 Start arrest and also showed a drop in glycolytic flux (Lagunas al., 1982) , are striking, As noted above, in both cases the drop in glycolytic activity is not correlated with a major change in the activity of any of the glycolytic enzymes and in both cases the reduction in glycolytic flux may be the result of a decrease in sugar transport. Furthermore it appears that whereas ethanol and CO, production drop, specific oxygen consumption rates in both situations are not affected in arrested cells (Lagunas et al., 1982 ; L. J. W. M. Oehlen and others unpublished results). The strong physiological resemblance between the thermosensitive mutants and the nitrogen-starved cells may suggest that similar if not identical, mechanisms are responsible for class-IT Start arrest.
One of the characteristics of class-11 G1 arrest is that the growth rate of the cells is impeded, whereas in the class-I type of GI arrest growth of the cells continues more or less as in wild-type cells (Reed, 1980; Pringle & Hartwell, 1981) . It may not be very surprising that in cells which reduce their growth rate, the activity of one of the key pathways driving growth is reduced. It may however be interesting to consider the possibility that regulation of the glycolytic pathway is one of the means by which the cell regulates growth rate and that in Start-TI arrested cells the decrease in growth rate-and cellcycle arrest-are the consequence of the decrease in glycolytic flux. To substantiate this line of argument, it is important to realize that the glycolytic pathway is the prime metabolic route in yeast cells. All glucose that enters the cell has to go through at least a few steps of the glycolytic pathway in order to be converted to precursors for protein, RNA, DNA and polysaccharide synthesis. The importance of the glycolytic enzymes is also reflected in the fact that together they comprise about 30% of the total soluble protein of the cell (Fraenkel, 1982) . It is likely therefore that a major decrease in glycolysis will affect cell growth rate. Howcver, the interpretation that cell cycle arrest is merely the consequence of a decrease in glycolytic flux is probably too simple. Although there seems to be a correlation between growth rate and glycolytic flux at restrictive temperature, it is not clear why the cdc25 cells stop dividing shortly after the temperature shift, at a point where cell size and glycolytic activity seem to be sufficient to allow division. One explanation for this may be that inactivation of the CDC25 gene product not only affects growth and glycolytic activity, but that the CDC25 protein is also more directly involved in the regulation of cell division. It has been proposed that the CDC25 protein functions in the coordination of growth and division in S. cerevisiae (Baroni el ul., 1989) . The mechanism by which CDC25 would act in the coordination of growth and division is unclear, but based the CAMP measurements in the two different alleles of cdc25, intracellular CAMP levels per xe do not seem to be involved. 
